This study provides new pollen data of 52 representative species belonging to all 12 genera in the currently classification of the subtribe Nepetinae, and considers the possible presence of orbicules for the first time. Pollen morphology and ultrastructure were investigated with light, scanning electron and transmission electron microscopy. Nepetinae pollen is small to large (P = 16-65 µm, E = 17-53 µm), oblate to prolate (P/E = 0.7-1.6) in shape and mostly hexacolpate (sometimes octocolpate). The exine stratification in all taxa studied is similar and characterized by unbranched columellae and a continuous, granular endexine. Sexine ornamentation in the Nepetinae is bireticulate, microreticulate or perforate. In perforate and microreticulate pattern a tendency towards a bireticulum could be recognized due to trace of secondary tectal connections. The bireticulate pattern is most common with variations of primary muri and secondary reticulum. In Hymenocrater and Schizonepeta the observed variation of sexine ornamentation is particularly valuable at the generic level. Pollen data support Lophanthus and Nepeta as very closely allied and Lallemantia is clearly distinct from Dracocephalum. The formerly suggested infrageneric relationships within Dracocephalum and Nepeta are only partly corroborated by palynological characters. Orbicules are absent in the Nepetinae.
Introduction
Pollen of the Lamiaceae has been intensively studied since Erdtman (1945) suggested a division of the family into two subfamilies based on aperture number and number of nuclei in the mature pollen grains (Lamioideae: tricolpate and bi-nucleate pollen, Nepetoideae: hexacolpate and tri-nucleate pollen). However, the tribe Mentheae (Nepetoideae), which includes nearly one fourth in all taxa within the Lamiaceae taxa, is still poorly known from a palynological point of view. In an attempt to fill this knowledge gap, we have presented a detailed pollen study of subtribe Salviinae (Mentheae), showing that variations of sexine ornamentation in the pollen characters are phylogenetically informative (Moon et al., in press ). The present study aims to further elucidate the palynological diversity within the tribe Mentheae, focusing on the subtribe Nepetinae sensu Harley et al. (2004) . The Nepetinae differs from the two other subtribes in Mentheae, Salviinae and Menthinae in the length of the posterior pair of stamens and the number of calyx nerves (Wagstaff, 1992) . Nepetinae sensu Harley et al. (2004) consists of 12 genera (ca. 350 species) distributed over large parts of Eurasia and North America (Harley et al., 2004) .
Nepeta is the largest (ca. 200 sp.) and economically most important genus in the Nepetinae. It can be subdivided into several sections and subsections by habit, leaf morphology, inflorescence, calyx and corolla structure, and nutlet characters (Bentham, 1848; Briquet, 1897; Pojarkova, 1954; Budantsev, 1993a; Budantsev and Lobova, 1997) . Based on phylogenetic analysis of molecular data, Jamzad et al. (2003) concluded that Nepeta is monophyletic but also that previous infrageneric classifications of Nepeta should be revised (Jamzad et al., 2003) . Dracocephalum is the second largest genus in the Nepetinae, with ca. 70 species classified in three subgenera (Budantsev, 1987 (Budantsev, , 1993b . Lallemantia was included as a subgenus of Dracocephalum by Budantsev (1993b) . However, corolla shape and several molecular studies clearly favor Lallemantia as an independent genus (Bentham, 1848; Wunderlich, 1967; Wagstaff et al., 1995; Jamzad et al., 2003; Harley et al., 2004) . For Agastache and Lophanthus, infrageneric delimitations have been suggested by Lint and Epling (1945) and Budantsev (1992a Budantsev ( , 1993b . The other eight genera of the Nepetinae each consist of fewer than ten species (including two monotypic genera Drepanocaryum and Cedronella; Budantsev, 1992b) ; no infrageneric categories have been suggested. Although Nepetinae is a well defined monophyletic group based on morphological data, morphological synapomorphies for the different genera remain obscure (Harley et al., 2004) . A well supported molecular phylogeny of subtribe Nepetinae is still lacking. The present molecular framework of the Lamiaceae has very poor sampling of taxa from the Nepetinae and the relationships between genera are incongruent between analyses (Wagstaff et al., 1995; Jamzad et al., 2003; Walker et al., 2004; Bräuchler et al., 2005; Walker and Sytsma, 2007) .
The general pollen morphology within the Nepetinae based on light microscopic (LM) observations, was previously described by Waterman (1960) , Varghese and Verma (1968) and Vij and Kashyap (1975) . Trudel and Morton (1992) and Wagstaff (1992) used scanning electron microscopy (SEM) to investigate the sexine ornamentation of some selected taxa in the Nepetinae (in total seven species of Agastache, one species each of Dracocephalum, Cedronella and Lophanthus). Jamzad et al. (2000) observed pollen of eleven species belonging to two sections in Nepeta, but this study was restricted to annual species from Iran. Transmission electron microscopic (TEM) observations are not available for the subtribe Nepetinae.
The present study aims to document the pollen morphology and ultrastructure of the pollen wall for a representative sample of the subtribe Nepetinae using LM, SEM and TEM. This study also traces the presence or absence of orbicules since they were never examined in the Nepetinae (Raj and El-Ghazaly, 1987; Huysmans et al., 1998) . Furthermore, our palynological observations will be discussed to assess their taxonomic usefulness at inter-and infrageneric level within the Nepetinae and in relation to our previous work on subtribe Salviinae in the tribe Mentheae.
Materials and methods
The present study is mainly based on herbarium material of 52 representative species (64 specimens) from all genera in subtribe Nepetinae sensu Harley et al. (2004) from the following herbaria: BR, G, GH, K, LV, MO and S (acronyms follow Holmgren et al., 1990) , and also in part from plants recently collected by H.-K. Moon (for a complete list of specimens, see Appendix A). The species were selected based on previously recognized infrageneric groups (Bentham, 1848; Briquet, 1897; Budantsev, 1993a,b) . Numbers refer to minimum-mean-maximum except for AI values that correspond to a range. T, treatment method; A, acetolysis; C; critical point dried; P, polar axis; E, equatorial diameter; O, oblate; So, suboblate; Os, oblate spheroidal; S, spherical; Ps, prolate spheroidal; Sp, subprolate; P, prolate; −, absent; ±, rarely present; +, present; ++, dominant; AI, apocolpium index; /, no data; CL, colpus length; SE, sexine ornamentation type. 
Pollen and orbicules
Pollen grains of 38 species were acetolysed according to Reitsma's (1969) method. Pollen descriptions are based on LM and SEM observations. The glycerin jelly slides (LM) were observed using a Leitz Dialux 20 microscope and photographed with an Olympus DP 50 digital camera. In order to fracture some pollen for examination of exine stratification and inner endexine ornamentation, acetolysed grains were placed in an ultrasonic bath for up to 20 min. Acetolysed pollen grains for SEM were suspended in ethanol, air dried on a stub and coated with gold prior to observation with a JEOL JSM-6360 scanning electron microscope at 5-10 kV.
Measurements of the length of the polar axis, equatorial diameter, colpus length, and exine thickness were made on 15-20 fully developed grains per specimen with LM (× 400, ×1000 magnification).
For morphological observations of orbicules and pollen, dried flowers or buds from 24 species (including 14 species treated only by critical point drying because the specimens had too few flowers to be acetolysed) were rehydrated for 1-2 h (Agepon wetting agent, 1:200). The anthers were picked from the flowers and the tips removed with a razor blade to facilitate rehydration. After dissection, the anthers remained for one more hour in the wetting agent. Following dehydration in a graded acetone series, the material was critical point dried (CPD 030, Balzers). The dried anthers were mounted on stubs with double adhesive tape. The locules were opened and the pollen grains were carefully removed with a cactus needle. The removed pollen grains were collected on the same stub for SEM observations. Comparative size measurements of acetolysed (AC) and critical point-dried pollen (CPD) were ascertained from SEM photographs using Carnoy 2.0 (Schols et al., 2002 ). The size correlations using different preparation techniques were calculated using Excel software (Microsoft office 2004 package).
Ultrastructure of pollen wall
For TEM observations, the anthers from living material were directly fixed in 2.5% glutaraldehyde (pH 7.3) while dried anthers were rehydrated in 0.05 M sodium cacodylate buffer (pH 7.3) prior to fixation. Fixed anthers were rinsed with 0.05 M sodium cacodylate buffer (pH 7.3), followed by post fixation with 2% OsO 4 . Prior to embedding in LR-White Resin (Polysciences Inc., Warrington, PA, USA), the material was dehydrated in a graded ethanol series. Semi-thin (±1 µm) sections were cut with a Reichert Jung Ultracut E microtome, stained with 0.1% thionin-0.1% methylene blue, and observed with a Leitz Dialux 20. The ultra-thin sections were stained with uranyl acetate and lead citrate in an LKB 2168 Ultrastainer, and observed with a Zeiss EM 900 transmission electron microscope at 50 kV.
Pollen terminology follows the online edition of the Glossary of Pollen and Spore Terminology (Punt et al., 2007 ; http:// www.bio.uu.nl/~palaeo/glossary/glos-int.htm).
Results
Subtribe Nepetinae has small to large (P = 16-65 µm, E = 17-53 µm) hexacolpate pollen that is oblate to prolate (P/E =0.7-1.6) in equatorial view and circular in polar view. The pollen wall has a columellar infratectum as in most angiosperms, and orbicules are absent in all taxa studied.
The pollen morphological variation within Nepetinae is described below for the following pollen features: size and shape of pollen grains, number, position and morphology of apertures, sexine ornamentation, and stratification of pollen wall. The representative pollen characters are provided in Table 1 indicating different preparation techniques to discuss possible side effect of the preparation procedure. The pollen size distributions are plotted on the graph in Fig. 1 and the pollen size correlations according to the different preparation techniques are presented graphically in Fig. 2 . Representative pollen characters are illustrated in Figs. 3-6. 
Size
The pollen grains are dispersed as monads and size varies from small to large ( Fig. 1 ; P = 16-65 µm, E = 17-53 µm) with striking size differences according to the preparation methods. The size of critical point dried pollen grains is always smaller in comparison with acetolysed grains, ca. 12-47% (both observed with SEM; see also Appendix A). In both preparation techniques, however, the smallest grain is present in Drepanocaryum sewerzowii (AC: P = 25-30 µm, CPD: P = 16-17 µm) while Meehania urticifolia (AC: P = 51-65 µm, CPD: P = 35-51 µm) has the largest pollen grain (Fig. 3A) . Within the same genus, such as Agastache, Lallemantia and Schizonepeta, taxa show similar size variation although the genus Lophanthus shows remarkable size differences among its taxa (Table 1 ; Fig. 1 ). Nepeta sibirica and N. longibracteata have large pollen grains in comparison with other members of Nepeta (Table 1 ; Fig. 1 ).
Shape
The shape of the pollen grains in equatorial view ranges from oblate to prolate (P/E = 0.7-1.6), but most taxa studied are oblate-spheroidal to subprolate ( Fig. 3G-I ; Table 1 ). The polar length is strongly correlated with the equatorial diameter in acetolysed pollen (R 2 = 0.79) while there is no significant relation in critical point dried pollen ( Fig. 2; R 2 = 0.40). However, shape classes can vary considerably within the same species excluding the effect of preparation techniques ( Table 1 ). The shape in polar view is more or less circular in all taxa studied (Fig. 3B-C, D-F) .
Apertures
Pollen of the Nepetinae is predominantly hexacolpate ( Fig. 3A -B, D-E), sometimes mixed with some octocolpate grains (less than 1%; e.g., Glechoma hederacea, Hymenocrater bituminosus, H. longiflorus and Meehania urticifolia; Fig. 3C, F) .
Simple colpi are distributed symmetrically (Fig. 3B-F) . The colpus length ranges between 11-55 µm and is strongly correlated with polar length ( Fig. 2; R 2 = 0.96). The apocolpium index (AI) is the ratio of the distance between the apices of two ectocolpi to its equatorial diameter. The value is an indirect measure of the length of the ectocolpi. In the Nepetinae, the apocolpium index varies between 0.11 and 0.31 (Table 1) . Colpi are narrow towards the poles and have coarsely granular membranes (only visible on CPD material - Fig. 3G-L) .
Sexine ornamentation
The sexine ornamentation in the Nepetinae is microreticulate, perforate or bireticulate, and the exine thickness varies between 0.7-2.1 µm (Table 1 Fig. 4B ). The genus Hymenocrater (H. bituminosus, H. longiflorus) has a microreticulate sexine pattern with polygonal lumina and a secondary reticulum at a slightly lower plane (Type I-c; Fig. 4C ).
Perforate ornamentation with secondary tectal connections is found in Schizonepeta (S. annua, S. multifida, S. tenuifoliaType II; Fig. 4D ).
Bireticulate sexine ornamentation can be divided into several subtypes based on thickness of primary muri, shape of primary lumen and shape and number of secondary lumina. Dracocephalum stamineum has wide primary muri with a very shallow secondary reticulum in the primary lumen (Type III-a; Fig. 4E ).
The primary muri are thicker than the secondary muri with some discontinuous angular shape; the number of secondary lumina is over ten per primary lumen in Drepanocaryum sewerzowii, Lophanthus tschimganicus, Nepeta latifolia, N. micrantha, N. pungen and N. sibirica (Type III-b; Fig. 4F ). The primary muri are elongated in shape in Lophanthus chinensis and N. teucriifolia with distinctly secondary reticulum (Type III-c; Fig. 4G ). The primary muri are irregular in pattern and sometimes discontinuous; the secondary reticulum consists of more than 20 rounded lumina in Cedronella canariensis, D. nutans and D. palmatum N. eremophila, N. ispahanica (Type III-d; Fig. 4H-I) . Agastache scrophulariifolia has heteromorphic sexine ornamentation with thick primary muri. On the alternate position three mesocolpia have a primary lumen with a few secondary reticulum. Three other mesocolpia and the apocolpium area have large and discontinuous primary muri with more than 10 secondary lumina (Fig. 4J) . All other taxa studied possess a bireticulate sexine ornamentation, which characterized by the primary lumen of closed angular shape with well differentiated secondary reticulum (Type III-e; Table 1 ; Fig. 4K-L) . 
Pollen wall stratification and ultrastructure
All taxa studied show the same exine stratification (Fig. 5) . The tectum is thicker than the foot layer. Columellae are simple, unbranched and densely spaced. The foot layer is continuous (Fig. 5C-E ) or distinctly discontinuous (Fig. 5D) . It is relatively thin and supported by a very thin, often hardly visible endexine (Fig. 5E ). Under SEM, the inner endexine of acetolysed broken grains has a granular ornamentation (Fig. 5A-B) . The intine is thicker below the colpi than at the mesocolpia. Two strata can clearly be distinguished: an electron dense inner layer that is continuous, and a more electron lucent layer of similar thickness restricted to the apertural regions (Fig. 5C ). Pollenkitt is accumulated in the infratectum (Fig. 5C-D) .
Orbicules
All taxa studied have a unique type of anther with two thecae (Fig. 6A) . The outer wall of the anther has angular cells with a cuticle layer (Fig. 6B ) and the filament is covered cuticle with linear cells (Fig. 6C) . The inner locule walls display a characteristic pattern revealing the underlying star-shaped thickenings of the endothecium cells. The tapetal membrane is completely smooth without any sporopollenin deposits. Orbicules were absent in all taxa studied (Fig. 6D-E) .
Discussion

Impact of preparation technique on size and shape
All previous pollen studies in the Nepetinae are based on acetolysed material, and the size range of the acetolysed pollen grains in the present study is similar. However, the size of pollen is strikingly affected by different preparation treatments (Reitsma, 1969; Harley, 1992; Schols et al., 2004; Lens et al., 2005; Moon et al., in press ). Our results show that critical point-dried (CPD) pollen grains are always smaller (12-47%) than the acetolysed grains. The size of critical point-dried pollen grains probably resembles more the natural size, since pollen taken directly from herbarium material without pretreatment has a similar size range compared to critical pointdried pollen grains (H.-K. Moon, pers. obs.).
The preparation technique applied also affects pollen shape. The standard acetolysis method destroys the colpus membranes and modifies the natural shape of the pollen grain (Demissew and Harley, 1992) . This leads to pollen grains sometimes being erroneously described as "prolate" in the literature while their natural shape is more likely to range from oblate spheroidal to subprolate (Harley et al., 2004) . Size correlations between polar length and equatorial diameter reflect a general effect of the preparation techniques. Acetolysed pollen has a significant size correlation in contrast to the CPD pollen (Fig. 2) . The taxa studied tend to possess a suboblate shape after CPD while acetolysed pollen grains have a subprolate shape. However, a prolate shape is naturally dominant in the CPD pollen grains of Glechoma hederacea, Lophanthus laxiflorus, L. tschinganicus and N. cataria (Table 1) .
Obviously, critical point drying preserved the natural shape and size of pollen with intact apertural membranes, whereas the pollen wall structure and inner nexine ornamentation could only be observed on acetolysed pollen grains.
General pollen characters for the Nepetinae
Aperture number has been considered as a useful character to define the subfamily Nepetoideae. This subfamily is characterized by hexacolpate pollen grains with three nuclei at maturity/ dispersal (Erdtman, 1945; Cantino, 1992) . All taxa examined in the present study are hexacolpate, although a few octocolpate pollen grains were also produced in Glechoma hederacea, Hymenocrater bituminosus, H. longiflorus, Meehania urticifolia and N. viscida (Fig. 3C, I ). Many species produce simultaneously pollen with different aperture numbers: this has been referred to as pollen aperture heteromorphism (Mignot et al., 1994; Till-Bottraud et al., 1994 . It occurs quite often throughout the other genera of Lamiaceae (Trudel and Morton, 1992; Cantino, 1993, 1994; Moon et al., in press ). This syndrome has been considered closely related with pollen germination and polyploidy conditions (Bronckers, 1963; Erdtman, 1966) , although some case studies (Kessler and Larson, 1969; Cartier, 1971; Dajoz, 1990) provide evidence that there is no clear relation between aperture numbers and polyploidy eliminate.
Pollen wall stratification is a stable character in the Nepetinae. All taxa studied have basically the same exine stratification consisting of simple columella and a continuous thin granular endexine (Fig. 5) . Such exine stratification also occurs in subtribe Salviinae and is common in subfamily Nepetoideae (Nabli, 1976; Harley, 1992; Harley et al., 1992; Moon and Hong, 2003; Moon et al., in press ).
Systematic implications of sexine ornamentation
The observed variation of sexine ornamentation proved to be a useful taxonomic character in the Nepetinae. Sexine ornamentation is microreticulate, perforate or bireticulate. The most common sexine ornamentation is bireticulate, which consists of angular primary lumina with a fine secondary reticulum (Fig. 4K-L) . This type of sexine ornamentation evolved in several genera of Nepetinae as well as other Lamiaceae (AbuAsab and Cantino, 1992 Cantino, , 1994 Wagstaff, 1992; Trudel and Morton, 1992; Jamzad et al., 2000; Moon et al., in press) .
Glechoma hederacea, Lallemantia peltata and some species of Dracocephalum have a microreticulate sexine, which tends towards a bireticulum with differentiated traces of a secondary reticulum (Fig. 4A-B) . Genus Glechoma possess the same sexine ornamentation with Dracocephalum, while genera Agastache, Drepanocaryum, Lophanthus, Marmoritis and Meehania have the similar sexine ornamentation as Nepeta. Historically, Lallemantia was considered closely related to Dracocephalum (Briquet, 1897; Budantsev, 1993b) . It is also interesting to note that Dracocephalum and Lallemnatia show variation of sexine ornamentation while all other taxa studied produce basically the same sexine ornamentation type at the generic level (Table 1) . Lallemantia peltata possesses the same sexine ornamentation as Dracocephalum, however, all other characters are different (Table 1 ). In addition, Lallemantia royleana shares the same sexine ornamentation with Nepeta. Lophanthus is closely allied to Nepeta (Budantsev and Lobova, 1997) . The section Psilonepeta of Nepeta has been transferred to Lophanthus by Levin (1941) and Budantsev (1992a) . According to Jamzad et al. (2003) , section Psilonepeta emerged from Nepeta forming a separate subclade. Lophanthus laxiflorus (sect. Psilonepeta) has bireticulate sexine type III-e and Lophanthus chinensis has an elongated lumina shape (type III-c) like that of Nepeta teucriifolia (sect. Schizocalyx; Fig. 4G ). Our palynological results that Lophanthus might belong to Nepeta sensu lato. For the infrageneric relationships within Nepeta and Dracocephalum it is noteworthy that the microreticulate patterns (type I) are restricted to Dracocephalum while bireticulate ornamentation with angular and thick primary muri (type III-e) occurs only in Nepeta (Table 1) . However the variation of sexine ornamentation partly corresponds with previous infrageneric hypotheses ( Bentham, 1848; Briquet, 1897; Pojarkova, 1954; Budantsev, 1993a; Budantsev and Lobova, 1997) . For example, Dracocephalum stamineum belongs to the subgenus Fedtschenkiella and has a distinct type of sexine ornamentation (type III-a; Fig. 4E ). All taxa studied from sects. Nepeta, Spicata and Denudatae of Nepeta have bireticulate sexine ornamentation type III-e, whereas same sexine ornamentation type often occurs in the different sections ( Table 1 ). The infrageneric classification by Jamzad et al. (2003) based on ITS sequence data was also not supported either by pollen morphology. However, our sampling for Nepeta is insufficient to address the infrageneric relationships based on pollen data alone. Nevertheless, our palynological data show that a combined approach, using morphological and molecular data, is recommended to reconsider the classification within the genus Nepeta.
Orbicules
Orbicules are small sporopollenin particles, which can be produced on the radial and inner tangential walls of tapetal cells (Huysmans et al., 1998 (Huysmans et al., , 2000 . Orbicules are consistently absent in all taxa investigated (Fig. 6D-E) . The presence of orbicules is generally considered to be a plesiomorphic trait since they are restricted to species with a secretory tapetum, which occurs predominantly in basal angiosperms (i.e., Furness and Rudall, 1998) . From the study on Lavandula dentata it is clear that this species has a secretory tapetum without orbicules (SuarezCervera and Seoane-Camba, 1986) . Unfortunately, no literature data are available about tapetum characteristics for the Nepetinae.
In Lamiaceae, orbicules have been observed to date only in the tribe Chloantheae (Raj and El-Ghazaly, 1987) . It is interesting to note that tribe Chloantheae has a basal position in Lamiaceae, while the subtribe Nepetinae is a more derived group without orbicules. In addition, subtribe Salviinae of Mentheae also has smooth locule walls without any orbiculelike sporopollenin deposition (Moon et al., in press ).
Conclusion
Hexacolpate pollen grains, pollen wall stratification consisting of unbranched columellae, and a continuous, granular endexine are probably symplesiomorphic characters for subtribe Nepetinae. Orbicules are consistently absent in both Nepetinae same as Salviinae. The sexine ornamentation in Nepetinae is variable and could be systematic significance, however the current infrageneric classification of genera Dracocephalum and Nepeta is only partly congruent with the present pollen morphological data. The observed variation in sexine ornamentation is particularly valuable at the generic level. Therefore, we plan a palynological study of subtribe Menthinae to complete the pollen survey of the entire tribe Mentheae in order to provide an overview of its pollen diversity. 
